Abstract -This article discusses recent synchrotron radiation based measurements of nanoparticle formation between arcing contacts.
Introduction
Arcing is a phenomenon common in almost all switching operations and cause problems particularly associated with electrode erosion. Arcing can also occur in degraded wiring and here the real danger is the risk of fire. Research in the electrical contacts group at the University of Rennes covers both these aspects and numerous laboratory studies have been performed in which the amount of erosion produced for different contact materials and voltage/current pairs has been evaluated by weighing techniques and the risk of fire in cables by electrical measurements coupled with high speed camera observations. In order to approach these phenomena from a more fundamental approach, in-situ, in-operando measurements have been performed to investigate the material liberated from the electrodes by the electrical arc. In previous experiments, Small Angle X-ray Scattering (SAXS) has been used to characterize nanoparticles formed in extreme environments such as flames [1, 2] and microwave discharges [3] . These measurements are made possible by the high brightness beams of X-rays produced by 3 rd generation synchrotron radiation sources. This technique involves passing a beam of X-rays through a target (in this case nanoparticles in the arc plasma) and detecting the scattered photons using a two-dimensional array X-ray detector. Analysis of the scattering distribution allows the size of the particles in the target, their number density and the form of their surfaces to be determined. This paper describes the first measurements in which the size and morphology of nanoparticles formed in arcs between electrodes of AgSnO 2 , pure silver and porous carbon, have been studied in-situ. Nanoparticles are not only formed in by the arc but in some circumstances can play an active role in sustaining the arc. This has also been a factor that has been highlighted by these investigations.
EXPERIMENTAL METHOD

A. Apparatus
The X-ray experiments have been performed on the SWING X-ray scattering beamline [4] at the Soleil synchrotron radiation facility near Paris. The experimental apparatus ( fig. 1 ) is a fully automated device, described in previous papers [5] . The apparatus is mainly composed of an electrical part (power supply, variable resistance) and a mechanical part using a stepping motor coupled with a sliding plate, which ensures a controlled separation between the fixed and the moving contact. A digital oscilloscope is used to sample and store the voltage and current characteristics of the arc during the break, i.e. Va(t) and Ia(t). The whole system (power supply, motor and oscilloscope) is computer controlled. This apparatus performs contact breaking under initial direct current supply conditions of 200 V and 8 A. This voltage/current pair was chosen in order to maintain a stable arc with a large electrode (2 mm) gap during the X-ray exposure.
The experimental setup for the arcing experiments, was to place a pair of electrodes in the beamline where the interelectrode gap was traversed by a highly collimated (200 µm x 200 µm), highly intense (10 12 photon/s) beam of 9keV X-rays, the scattering of which is detected by a 2-D CCD X-ray 978-1-4673-5281-9/13/$31.00 ©2013 IEEE detector, placed at a distance of 1.5 m from the target and located in a vacuum tank to cut down on the air scattering background. This setup is illustrated in figure 2. 
B. Data Analysis
A typical scattering pattern from these experiments is illustrated in figure 3 where the various shades indicate the detected intensity as a function of distance from the primary beam axis. The rings are summed through 360° and the data is then plotted as Scattered Intensity vs q, where the momentum transfer factor q = (4π/λ)sin(θ/2), λ being the X-ray wavelength (≈1Å) and θ is twice the scattering angle with respect to the primary beam axis. Q can approximately be related to the size of the scattering particles by the relation D=π/q where D is the diameter of the particle (assuming spherical symmetry). With our set-up, the q range measured varied in principle from 0.0045 Å -1 to 0.54 Å -1 however, due to air scattering, the useful upper limit was about 0.08 Å -1 . Thus the size range over which we could examine particles ranged from 4 to 70 nm.
In these experiments, an arc was struck under contact breaking conditions of 200 V, 8 A and the inter-electrode gap maintained during the arcing was 2 mm. Measurements were taken as a series of 20 frames with acquisition times of 150 ms or 250 ms separated by a detector dead-time of 250 ms. During the 3.2 s of typical arc duration, this allowed 6 -8 measurements to be taken while the arc was lit. Graphs of Intensity versus q were plotted and curves taken at the end of this period, when the arc was extinguished, were subtracted from those indicating the presence of particle scattering to separate contributions due to air scattering. The scattering curve (Fig. 4a) is characterized by an exponential fall-off at low q (the so-called Guinier region) and a power law fall-off at high q (the so-called Porod region). These dependencies can be fitted by a Unified fitting function [6] of the form:
where R G is the radius of gyration of the scattering particle, G = Nρ 2 V 2 , B=2πρ 2 S, N being the number of scattering particles, S the surface area of the particle, V its volume and ρ the scattering length density given by:
where n e is the number of electrons per molecule, ρ M is the mass density, N A is Avogadro's number, M w is the molar mass, and r e is the classical electron radius (2.818x10 -15 m). The second term in the right-hand side of Eq. (1) represents a power-law decay. The exponent p of the power-law fit describe the morphology of the form and surface of the scattering particles. For smooth particles p=4, for aggregated particles or particles having a rough surface, p~3 and p=2 for discs or Gaussian chains [7] .
All of the analysis of the scattering data has been performed using the Irena package of Macros developed by Jan Ilavski of the Advanced Photon Source [8] . This allows, for example, the measured data to be fitted to the Unified function and also particle size distributions to be determined.
Results and discussion
Three different contact types were studied: AgSnO 2 (8% oxide) [9] , porous carbon and pure silver. Figure 3a shows a typical scattering curve measured for AgSnO 2 contacts. In the example in figure 4a , the data could be fitted with a single family of nanoparticles, the measured radius of gyration (which for a log-normal particle size distribution corresponds to the mean diameter, assuming spherical particles) of which was found to be 33.6 nm. Overall in these measurements, the particle size was found to lie in the range from 30-40 nm for AgSnO 2 contacts [10] . Furthermore, the measured Porod factor was consistently found to be p=4, indicating that the particles had a smooth surface. In fig. 3b , the same data is plotted but in terms of Iq 4 vs q. This so-called Porod plot highlights the behaviour of the scattering at large q where, if the particles are smooth, the intensity will be proportional to q 4 and so if this is so, the data points at large q will lie parallel to the bottom axis. This is seen to be the case here. A smooth surface is to be expected in this case since the silver vapour formed in the arc will condense through a liquid phase before becoming solid particle. Indeed it is not certain whether the objects that we are examining are actually solids or liquid droplets. Figures 5a,b shows the corresponding scattering curve and Porod curve for porous carbon contacts and here the situation is quite different. There is no indication of a well-defined Guinier region within, our measurement window, indicating that the particles formed in the arc are much larger than 70 nm. In addition, these particles are seen to have a Porod exponent of 3 indicating that they have a rough surface [7] . Again this is not unexpected as carbon does not have a liquid phase at atmospheric pressure and so the condensation process will go directly from the vapour to the solid phase.
What was particularly striking was the measurement taken with pure silver contacts, where a typical scattering curve is shown in figures 6a,b. Here it is seen that the curve is very structured with a well-defined Guinier region in the range q = 0.01 Å -1 to 0.025 but with another scattering region below this indicating the presence of larger particles. In other studies that we have performed in flames [1, 2] , and plasmas [3] , we have found that there may be several families of particles which can be characterized as primary particles and aggregates or clusters of primary particles. This seems to be the case here with the "primary" particles having a size of 17 nm and a smooth surface (p=4). The lowest value in the measured q range used does not allow the size of the larger particles to be determined but the fit to the universal function indicates that they are larger than 60 nm. It is seen that the Guinier portion of this fit, does not cover enough data points to be representative of the true size of the particles. At this time, we do not have an easy explanation as to why we see such aggregation with pure silver but not with the silver tin oxide material. Clearly we shall have to perform more measurements for all of these cases, using a longer target to detector distance to access lower q values and hence larger particles. This will be the subject of a future experiment at SOLEIL. In related experiments [11] , it was found that arcs produced between carbon electrodes were much more readily re-ignited under ac conditions that those formed between metallic electrodes. This has particular significance for fire safety where pockets of carbon can be formed in degraded electrical cables leading to sustained arcing and ultimately incendiary conditions. Not only can large carbon micro-particles produce bridges between closely spaced electrodes (carbon pockets) and subsequent arc ignition due to the explosion of these particles, but nanoparticles can be sources of sustaining electrons via thermionic emission. Ultimately we should like to model this phenomenon but a first step will be the characterization of the particle size distribution.
Conclusions
These measurements show that it is possible to detect nanoparticles in-situ and in-operando within an electrical arc and to determine their size and surface morphology. In principle it is also possible to estimate their number density but we have not chosen to cite this as it would involve a calibration taking into account the target arc thickness which is not obvious to determine. What is striking about these measurements is the strong influence that the electrode materials has on size and morphology of the particles so formed. Clearly this is a rich area of research covering not only electrical contacts but also fields such as nanoparticle production, fire safety and from a fundamental point of view, phase change and nucleation phenomena under high temperature conditions. What is described here is just the start of what will be a rich program of research involving different electrode materials and measurements that will cover a wider q range to have a more complete description the particle size distributions.
